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Abstract: Sunyaev-Zeldovich (SZ) effects were first proposed in the 1970s as tools to identify the
X-ray emitting hot gas inside massive clusters of galaxies and obtain their velocities relative to the
cosmic microwave background (CMB). Yet it is only within the last decade that they have begun to
significantly impact astronomical research. Thanks to the rapid developments in CMB instrumen-
tation, measurement of the dominant thermal signature of the SZ effects has become a routine tool
to find and characterize large samples of galaxy clusters and to seek deeper understanding of sev-
eral important astrophysical processes via high-resolution imaging studies of many targets. With
the notable exception of the Planck satellite and a few combinations of ground-based observatories,
much of this “SZ revolution” has happened in the photometric mode, where observations are made
at one or two frequencies in the millimeter regime to maximize the cluster detection significance
and minimize the foregrounds. Still, there is much more to learn from detailed and systematic anal-
yses of the SZ spectra across multiple wavelengths, specifically in the submillimeter (& 300 GHz)
domain. The goal of this Science White Paper is to highlight this particular aspect of SZ research,
point out what new and potentially groundbreaking insights can be obtained from these studies,
and emphasize why the coming decade can be a golden era for SZ spectral measurements.
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1 Introduction to the SZ landscape
Galaxy clusters stand at the crossroads between astrophysics and cosmology. By forming the
most massive end of the dark-matter halo mass function, their number counts deliver effective
constraints on the composition and growth history of the Universe [1–3]. At the same time, galaxy
clusters provide unique laboratories to test several astrophysical phenomena – from massive galaxy
evolution and the role of AGN feedback, to particle acceleration in Mpc-scale shocks [4–6]. Quite
naturally, studies of galaxy clusters and the associated large-scale structures have been one of the
most productive areas of research in the last few decades, collecting huge amounts of data from
ground and space based observatories across the entire electromagnetic spectrum.
Among the various methods to find and characterize galaxy clusters, one of the newest and
most rapidly developing is the Sunyaev-Zeldovich effect [7–13]. It has two main variants: the
thermal (tSZ) and the kinematic (kSZ) effects. They arise from inverse Compton scattering of
the CMB photons by hot intracluster electrons and have several desirable properties: the signals
are practically redshift independent (only limited by the telescope beam), have unique spectral
signatures, and the amplitudes connect directly to total cluster thermal energy and line-of-sight
momenta. From the first blind tSZ detection of clusters only a decade ago [14, 15], catalogs
now exist with over a thousand confirmed objects and an order-of-magnitude more are expected
from the next-generation CMB experiments [16–18], transforming cosmological quests such as the
nature of dark energy and neutrino masses. Another rapidly developing field is the high angular
resolution SZ imaging [13] that is opening up new windows on cluster astrophysics (see white
papers by Mroczkowski et al. and Sehgal et al.). Our aim in this paper is to highlight some of the
unique science that can be addressed from detailed measurements of the SZ spectra and how those
results can shape our view of the Universe within the decade 2020–2030 and beyond.
Figure 1: Left: tSZ (solid) and kSZ (dashed) spectra including relativistic corrections from high-energy
thermal electrons. Two extreme temperatures highlight the spectral shapes, also for the kinematic effect.
The dotted curve is the unscattered CMB scaled down by a factor of 2000 (figure from Ref. [13]). Right:
tSZ spectral distortions once again, with a more representative set of temperatures and a varying Compton-y
that cause the spectra to match at the minima of the tSZ decrement. This panel illustrates the importance of
high frequency observations to break the y − Te degeneracy. The vertical grey bands are Planck frequency
channels, many of which are also accessible from a good ground site, e.g., in Atacama or Antarctica.
The importance of submillimeter data to separate the kSZ effect was realized early on [19, 20].
This effect carries information about the electron bulk motion relative to the CMB rest frame and
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promises to be an important cosmological probe [21–25], yet successful applications have been
limited, most notably for identifying strong internal bulk motions in merging clusters [26–28] and
detecting the kSZ-galaxy bispectrum via pairwise subtraction [29–31]. Terrestrial CMB experi-
ments have mostly used the “photometric mode” for SZ science: focusing on 1–2 bands in the
millimeter to maximize tSZ detection significance and using the 220 GHz channel to subtract the
CMB, which also eliminates the kSZ signal. This has kept the focus on a static view of the universe
to perform number count cosmology similar to X-ray or infra-red surveys. Now, after the Planck
data release, the real potential of multi-frequency SZ observations is coming into perspective, from
kSZ measurements and the search for the missing baryons [32–34], to extracting cluster properties
from the tSZ spectrum [35, 36]. The next decade will see a full realization of these scientific quests
when large format ground-based cameras will improve upon the resolution and sensitivity of past
satellite probes, including in the submm, while at the same time new space missions will offer
unprecedented spectral sampling and sky coverage to complement the results from the ground.
2 Galaxy cluster temperatures from the rSZ effect
What will change if we can measure galaxy cluster temperatures across cosmic time?
Figure 2: Left: Spectral modeling result from a stacked sample of 772 Planck clusters, with red and blue
lines denoting the best-fit tSZ and thermal dust emission spectra. The mean cluster temperature is measured
only at 2.2σ significance (4.4+2.1−2.0 keV), but the result shows the importance of accurate dust modeling using
high-frequency data (figure from Ref. [36]). Right: rSZ temperature measurement uncertainties on individ-
ual clusters as expected from an “optimized CCAT-prime” camera concept [37] with 10,000 deg2 survey
area. The errors actually improve with redshift, in complete contrast with X-ray observations, enabling us
to stack and calibrate cluster masses out to the epoch of their formation. Furthermore, future surveys can
improve these predictions by employing additional frequency bands or using priors from X-ray data.
Just as with the X-ray Bremsstrahlung spectrum, the full, relativistic spectrum of the tSZ effect
(referred also as the relativistic SZ, or rSZ, effect) carries information about the mean temperature
of the scattering electrons [38–41]. As shown in Fig. 1 (right panel), mm-wave observations alone
cannot distinguish this effect from a change in the Comptonization parameter, and only by adding
high-frequency observations it is possible to break this y−Te degeneracy and extract the tempera-
ture information (unless other priors on electron densities are used). The current best constraints on
the tSZ spectrum and the associated TrSZ value comes from Planck satellite data (Fig. 2 left), which
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provide a marginal detection after stacking hundreds of clusters [36, 42]. But next-generation CMB
experiments with submm capabilities will push the noise down to levels where similar detection
significance can be achieved on individual massive clusters [36, 37]. When measured via stacking
(which will eliminate the kSZ contribution) the accuracy of TrSZ-based mass calibration will be
similar to what is expected from CMB lensing and other methods, hence providing an important
tool to model the thermodynamic history of galaxy clusters from a very early epoch.
An example is shown in Fig. 2 (right), where TrSZ errors are computed for an SZ survey with
three submm bands [37] and realistic foregrounds, yielding temperature accuracies above 6σ in
stacked cluster samples at z ∼ 1. This will be a significant step forward, since the temperature
determination from forthcoming X-ray surveys such as SRG/eROSITA will be limited mostly to
z . 0.2 clusters [43, 44]. TrSZ is further interesting as it is pressure (neTe) weighted [45, 46],
as opposed to roughly n2e weighting of the X-ray temperature [47], hence it is a low-scatter mass
proxy suitable for cosmological modeling of the halo mass function. Accounting for the relativistic
corrections will also improve the accuracy of cosmological modeling from tSZ power spectra and
possibly alleviate some of the current tensions between CMB and cluster cosmology results [48].
Planck satellite data in the present decade have also provided unmistakable signs of thermal
emission from dust within galaxy clusters themselves [49–51], which will be a critical component
for SZ spectral modeling. The origin of this cluster-centric FIR emission is currently unknown;
it could be from individual star-forming galaxies (i.e. a component of the cosmic infrared back-
ground) but could also be diffuse dust, accumulated from galaxy stripping [52] or AGN-uplifting
of the central cold gas [53]. Its impact will be even more significant for high-z proto-clusters or
for the study of the circumgalactic medium (CGM) in low-mass halos, where the relative dust con-
tribution could be higher. It has already been shown that, for modeling AGN feedback in galaxy
halos from the associated tSZ signal, not accounting for the dust emission can lead to incorrect
conclusions [54]. If our goal is to calibrate cluster masses across cosmic time using the rSZ effect,
then accurate modeling of their dust emission using submm data is going to play a central role.
3 SZ component separation and the measurement of cluster velocities
How can we ensure unbiased kSZ measurements and what will be the scientific impact?
The issue of dust contamination will enter the study of the kSZ effect – and hence the determination
of the cosmic velocity field on large scales – in two ways. First, similar to the rSZ temperature
measurement, it will bias the line-of-sight velocity estimation for individual halos. This problem is
illustrated in the left panel of Fig. 3, where an instrument that has only low-frequency (mm-wave)
coverage returns biased estimates for temperature and velocities by ignoring dust emission, while
having no discernible bias on the Comptonization parameter. Even though statistically not the most
powerful technique, measuring the velocity (and hence optical depth) of selected individual high-
mass halos will be extremely important for calibrating the galaxy-electron density power spectrum
and breaking the so-called “optical depth degeneracy” [55, 56]. Such measurements will also be
important in the search for missing baryons from stacked electron density profiles [32, 34].
The second case of dust contamination will be within CMB maps themselves, which are the
templates for kSZ signal in every kSZ bispectrum or cross-correlation analyses (at small angular
scales the primordial CMB power is mostly replaced by kSZ). The origin of this bias is incor-
rect/insufficient use of foreground information in map making. An illustrative example is shown
in Fig. 3 (right), where all of the four publicly-released Planck CMB maps from 2015 show strong
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νobs ∈ [90,220] GHz 
[90,860] GHz and
more sensitive 
“Constrained ILC”
map (tSZ removed)
Figure 3: Left: Measurement forecasts for the basic SZ parameters in a massive galaxy cluster harboring
dust, using only the thermal noise. One instrument is limited to the millimeter wavebands (blue) and does
not include dust in the modeling, giving biased estimates for the temperature and velocity. Instruments that
extend into the submm (green and red) yield unbiased results after marginalizing over dust (see Ref. [57]).
Right: Residuals from the tSZ signal in the direction of known clusters as seen in the public-release Planck
2015 CMB maps (top row), and one map where this residual is minimized via specialized techniques. When
not corrected, this residual will cause a bias in any kind of cross-correlation study between the CMB/kSZ and
large-scale structure probes, and similar residuals can be expected from cluster dust (figures from Ref. [58]).
residuals in the direction of known clusters. This residual comes from not explicitly accounting
for the tSZ signal in the foreground model and minimizing that contribution [58]. For the high-
precision CMB imaging in the coming decade, a simple non-relativistic tSZ template will not
suffice, but one will need its relativistic corrections as well [48], necessitating submm data. The
same will be true with dust, whose correlation with large-scale structure is already proven [49],
thereby also requiring the leverage of high-frequency data for unbiased CMB map extraction.
The impact of kSZ measurements on cosmology, via both direct and statistical methods, will
be immense (see white paper by Battaglia et al.). It will help to identify the time evolution of
dark energy from large-scale velocity correlations [59], search for missing baryons at low redshifts
[60], and provide constraints on the energy feedback within galaxy halos [61], to list a few. High-
frequency (& 300 GHz) CMB observations will be a critical ingredient for building this dynamical
view of the Universe, together with the next-generation infra-red, optical, and X-ray surveys.
4 ntSZ effect for the cosmic ray energy budget of clusters
What role does the nonthermal population play in determining large-scale structure growth?
Exploration of the SZ spectral distortions will not be complete without taking into account the
non-thermal SZ (ntSZ) effect [62–64]. As shown in Fig. 4, the high-frequency bands are again im-
portant in disentangling its contribution, but the spectral shapes are more uncertain due to the wide
variety of non-thermal populations (cosmic rays) that can contribute. Typically, the overall cosmic
ray pressure in galaxy clusters is very low (. 1%; [65–67]) so ntSZ studies will be critical only
within specific cluster regions, such as AGN bubbles for understanding the feedback mechanism
[68, 69], or near cluster cores for finding the signature of annihilating dark-matter particles [70].
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Figure 4: Comparison between the non-relativistic tSZ
spectrum and several non-thermal spectra with mono-
energetic electrons (denoted by their dimensionless mo-
mentum p, where p =
√
γ2 − 1 in the relativistic limit).
In reality the ntSZ spectra are more complex, due to the
power-law energy distribution of non-thermal particles as
well as for multiple power law indices within clusters; but
this plot highlights the importance of submm observations
to disentangle the small effect (figure from Ref. [13]).
At the same time, sensitivities of the next generation CMB survey experiments can enable
stacking analyses of the global ntSZ effect for an important class of objects: the radio halo clus-
ters. These host Mpc-scale diffuse synchrotron emissions that are thought to be the signature of
GeV-energy electrons energized by major mergers [71–74], however this correspondence is highly
uncertain and the determination of merger energetics via synchrotron emission is complicated by
the unknown magnetic field strengths and topology. In the coming decade, all-sky radio surveys are
expected to increase the number of radio halo clusters from∼ 50 currently known objects to several
hundreds [75–77]. A determination of their volume-averaged ntSZ signature will provide direct
constraints on the energy dissipation and particle acceleration processes following major mergers,
complementing the picture of a dynamical Universe as will be established by other probes.
5 The path forward in the coming decade
What are the instrumental requirements for the next generation to make significant progress?
The mm/submm community will move toward realizing the promises of SZ spectral science from
both space and the ground. New generation CMB and spectral intensity mapping surveys will
carry on the rapid developments in microwave detector technology that are occurring right now,
e.g., kinetic inductance detector (KID) based cameras coupled with imaging interferometers like
CONCERTO [78] and more sensitive future cameras with significantly higher optical throughput
like Prime-Cam [79] (the latter hosting multichroic detectors with an imaging Fabry-Pe´rot inter-
ferometer [57]). Efficient instantaneous sampling of the spectrum can be possible with broadband
multichroic focal planes consisting of multimoded feeds [80], multi-scale antenna arrays [81], and
direct detection spectrometers like TIME [82], Wspec [83], Micro-Spec [84] and DESHIMA [85].
CCAT-prime, located at 5600 m altitude in the Atacama, will be among the first survey tele-
scopes in the coming decade to scan a large fraction of the sky in the submm for CMB science
[86]. It will also provide ample scope for future generation instruments to take advantage of this
excellent site. Other locations with comparable atmospheric transmission are at the South Pole or
Dome-C in Antarctica, where for example the current 10-m SPT dish is already used for submm
VLBI [87]. Future developments in the Atacama desert will likely include the CSST [88] and
lead up to AtLAST [89–91], a 50-m class submm telescope that will revolutionize SZ spectral sci-
ence. Looking from space, future CMB missions like PICO [92] and CMB-Bharat [93] – building
upon the scientifically compelling mission concepts of PRISM [94] and CORE [95] – will provide
full-sky coverage with angular resolution similar to Planck’s, but with more spectral channels and
much better sensitivity. Those will be complemented by infra-red missions like SPICA [96], to
deliver THz-frequency data with similarly high-precision for modeling the thermal dust emission.
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